Hyperforin, a lipophilic constituent of medicinal herb St John's wort, has been identified as the main active ingredient of St John's wort extract for antidepressant action by experimental and clinical studies. Hyperforin is currently known to activate transient receptor potential canonical (subtype) 6 (TRPC6) channel, increase the phosphorylated CREB (p-CREB), and has N-methyl-D-aspartate receptor-antagonistic effect that convert potential neuroprotective effects in vitro. However, the protective effects of hyperforin on ischemic stroke in vivo remain controversial and its neuroprotective mechanisms are still unclear. This study was designed to examine the effects of intracerebroventricular (ICV) injection of hyperforin on transient focal cerebral ischemia in rats. Hyperforin, when applied immediately after middle cerebral artery occlusion (MCAO) onset, significantly reduced infarct volumes and apoptotic cells, and also increased neurologic scores at 24 hours after reperfusion accompanied by elevated TRPC6 and p-CREB activity and decreased SBDP145 activity. When MEK or CaMKIV activity was specifically inhibited, the neuroprotective effect of hyperforin was attenuated, and we observed a correlated decrease in CREB activity. In conclusion, our results clearly showed that ICV injection of hyperforin immediately after MCAO onset blocked calpain-mediated TRPC6 channels degradation, and then to stimulate the Ras/MEK/ERK and CaMKIV pathways that converge on CREB activation, contributed to neuroprotection.
INTRODUCTION
Stroke is the third leading cause of death after cardiovascular disease and cancer. Brain injury after focal cerebral ischemia is the most common cause of stroke. Treatment with recombinant tPA, a thrombolytic agent, is the only approved therapy for acute stroke; however, very few stroke patients benefit from this intervention. 1, 2 Many stroke victims are still left with long-term disability. Therefore, the need for developing an effective treatment for acute stroke remains very important.
Cerebral ischemia caused excessive glutamate released, exposure to high levels of glutamate leads to overactivation of N-methyl-D-aspartate receptors (NMDARs), which causes Ca 2 þ overload and then leads to calpain activation. [3] [4] [5] The activation of calpain leads to proteolysis of transient receptor potential canonical (subtype) 6 (TRPC6) channels. 6 The TRPC channels are widely expressed in the brain. 7, 8 Previous studies have provided evidence that TRPC6 channels have a critical role in promoting neuronal survival against ischemic stroke.
6,9 Influx of Ca 2 þ through TRPC6 channels increases CREB phosphorylation through both the Ras/MEK/ERK and CaM/CaMK pathways, contribute to CREB activation and promotes neuronal survival. 9 However, activation of NMDARs and calpain leads to TRPC6 degradation and contributes to neuronal damage in cerebral ischemia. 6 Therefore, maintained phosphorylation of CREB through blocking calpain proteolysis of TRPC6 to preserve neuronal survival could be a new therapeutic strategy against cerebral ischemic stroke. Hyperforin, a lipophilic constituent of St John's wort with a phloroglucinol structure, is considered as the main active ingredient of St John's wort extract for antidepressant action. 10, 11 Besides its antidepressant activity, hyperforin also exerts potent antibacterial, antiinflammatory, antioxidant, and antitumoral effects. [12] [13] [14] Preliminary results suggest that hyperforin has NMDAR antagonistic and potential neuroprotective effect in vitro. 15 Hyperforin is currently known to activate TRPC6 channels. 16 When chronically applied, hyperforin promotes neurite extension in the neuronal cell line PC12 through activation of TRPC6 channels. 17 Hyperforin is also identified to increase the phosphorylation of CREB. 18 The purpose of this study was to determine whether intracerebroventricular (ICV) injection of hyperforin has neuroprotective effects in vivo. We also sought to verify whether hyperforin administered by ICV injection improves the neurologic status of middle cerebral artery occlusion (MCAO) rats through the inhibition of calpain-mediated TRPC6 proteolysis and the subsequent activation of CREB via the Ras/MEK/ERK and CaM/CaMKIV pathways; and also to provide theoretical evidence for the treatment of cerebral ischemic stroke for stroke patients during the acute or subacute period.
MATERIALS AND METHODS

Animals and Focal Cerebral Ischemia
Male Sprague-Dawley rats weighing 200 to 250 g were purchased from Hunan weasleyg scene of experimental animals Co., LTD. All experimental protocols and animal handling procedures were performed in accordance with the National Institutes of Health (NIH, USA) guidelines for the use of experimental animals and the experimental protocols were approved by the committee of experimental animals of Tongji Medical College. The animals were maintained at temperature of 23 ± 11C with 50 ± 10% relative humidity in the Experimental Animal Center. Rats were allowed free access to food and water in a 12-hour light/dark cycle. The animals were anesthetized with Chloral hydrate (400 mg/kg, intraperitoneally). Transient focal cerebral ischemia was induced by intraluminal occlusion of the right middle cerebral artery (MCA) for 2 hours. The right carotid artery was exposed to separate the external carotid artery and the internal carotid artery, external carotid artery was occluded at the level the MCA branches out, a 4-0 monofilament nylon suture (Beijing Sunbio Biotech Co Ltd, Beijing, China) with a rounded tip was introduced through the internal carotid artery, when a slight resistance was felt, the threading was stopped. Two hours later, the filament was gently removed for the reperfusion (reperfusion confirmed by laser Doppler). Sham-operated rats were manipulated in the same way, but the MCA was not occluded. The body temperature was measured by inserting a thermometric probe into the rectum of the rat, and the temperature was maintained at 37.5 ± 0.51C during the operation by using a heating pad and a heat controller. Regional cerebral blood flow (rCBF) was monitored by laser-Doppler flowmeter (Periflux system 5000, PERIMED, Stockholm, Sweden) before, during, and after MCAO, as well as before death. Abrupt reduction in rCBF by B75% to 90% indicated a successful occlusion of the MCA. Rats in which ipsilateral blood flow was not reduced to o20% of the baseline after placement of the intraluminal filament and whose ipsilateral blood flow was not rapidly restored during reperfusion were excluded from subsequent experiments (B10% in each group). In a separate experiment, physiologic parameters (cranial temperature, arterial pH, PaCO 2 , and PaO 2 ) were monitored and analyzed in six additional rats. Arterial blood samples were taken 5 minutes before ischemia (baseline), 60 minutes after ischemia, 6, 12, and 24 hours after reperfusion for blood gas analysis.
Experimental Groups and Drug Administration
Rat ICV injection was performed under anesthesia in a stereotaxic instrument using a microsyringe pump. A scalp incision was made and burr hole was opened in the right parietal skull, 1.8 mm lateral, and 1.0 mm posterior to the bregma. A syringe was inserted into the brain to a depth of 4.2 mm below the cortical surface. Drugs or vehicle was injected slowly (0.5 mL/min) into the right ventricle. The needle was kept in place for 10 seconds to allow diffusing into the ventricle.
All treatments were administered in a blinded manner. The rats were randomly divided into six groups, and each group was again divided into three subgroups (n ¼ 12 per subgroup) according to the time of reperfusion after ischemia (6, 12 , and 24 hours after reperfusion) ( Figure 1A ). The experimental groups and subgroups were as follows: (1) sham operation (group S; subgroups S6, S12, and S24); (2) MCAO (group I; subgroups I6, I12, and I24); (3) ischemia combined with hyperforin treatment (group H; subgroups H6, H12, and H24); (4) ischemia combined with hyperforin plus PD98059 (MEK inhibitor) treatment (group P; subgroups P6, P12, and P24); (5) ischemia combined with hyperforin plus KN62 (CaMKIV inhibitor) treatment (group K; subgroups K6, K12, and K24), and (6) ischemia combined with hyperforin plus PD98059 and KN62 treatment (group C; subgroups C6, C12, and C24).
Another 36 rats were randomly divided into four groups (n ¼ 9 per group) ( Figure 1C ): (1) MCAO (group I); (2) ischemia combined with PD98059 treatment (group M); (3) ischemia combined with KN62 treatment (group Ca); and (4) ischemia combined with PD98059 plus KN62 treatment (group D).
Hyperforin (Cayman Chemical, Ann Arbor, MI, USA) was dissolved in saline. KN62 (1 mg/ mL; Sigma-Aldrich, St Louis, MO, USA) or PD98059 (1.5 mg/mL; Sigma-Aldrich) was prepared in 1% dimethyl sulfoxide. Hyperforin (0.5 mg/mL; 5 mL) or saline (5 mL) was injected slowly (0.5 mL/ min) into the right ventricle immediately after MCAO onset. KN62 (5 mL) or dimethyl sulfoxide (5 mL) was injected into the right ventricle 20 minutes before the operation. PD98059 (0.5 mL, intraperitoneally) or dimethyl sulfoxide (0.5 mL, intraperitoneally) was also administered to rats 20 minutes before the operation.
Terminal Deoxynucleotidyl Transferase Nick-End Labeling and Quantification of Apoptosis
To evaluate the influence of hyperforin on neuronal survival under ischemic conditions, terminal deoxynucleotidyl transferase nick-end labeling (TUNEL) staining analysis was used to detect apoptotic cell death at 24 hours after reperfusion. The TUNEL staining was performed with a kit (Roche Molecular Biochemicals, Mannheim, Germany). The TUNEL-positive nuclei with chromatin condensation and fragmented nuclei were considered as probable apoptotic cells. The total number of TUNELpositive neurons in the ipsilateral hemisphere was counted in three different fields for each section by an investigator who was blinded to the studies by light microscopy at Â 200 magnification.
Infarct Volume Measurement
For measurements of infarct volume at 24 hours after cerebral artery reperfusion, rats were killed and the brains were rapidly removed and mildly frozen at À 201C for 10 minutes to keep the morphology intact during slicing. In brief, brains were sliced into five serial 2 mm coronal sections and incubated in a 2% 2,3,5-triphenyltetrazolium chloride (TTC; Amresco, Solon, OH, USA) for 15 minutes at 371C and then transferred into a 4% paraformaldehyde in phosphate buffer for fixation at 41C. The infarcted tissue remained unstained (white), whereas normal tissue was stained red. The extent of ischemic infarction was traced and the integrated volume was calculated using Image J software (NIH, USA). The areas of the infarcted tissue and the areas of both hemispheres were calculated for each brain slice. To compensate for the effect of brain edema, the corrected infarct volume was calculated as follows: percentage of corrected infarct volume ¼ {[Total lesion volume À (ipsilateral hemisphere volume À contralateral hemisphere volume)]/contralateral hemisphere volume} Â 100.
Neurologic Scoring
The neurologic behavior of rats was scored at 24 hours after reperfusion by an investigator who was unaware of animal grouping. An 18-point scale of neurologic deficit scores was used for evaluation of neurologic behavior. 19 The scale was based on the following six tests: (1) spontaneous activity (0 to 3 points); (2) symmetry in the movement of four limbs (0 to 3 points); (3) forepaw outstretching (0 to 3 points); (4) climbing (1 to 3 points); (5) body proprioception (1 to 3 points); and (6) response to vibrissae touch (1 to 3 points). The six individual test scores were summed up at the end of the evaluation (minimum score, 3; maximum score, 18).
Lysis and Protein Content Determination
All the rats were killed by decapitation at 6, 12, and 24 hours after reperfusion and the infarct side of cortex (from an area between 3 and 6 mm posterior to the frontal pole) was harvested. The tissues were immediately frozen in liquid nitrogen and stored at À 801C.
Total protein extraction was performed according to a commercially available kit (KGP250; Nanjing Keygen Biotech Co. Ltd., Nanjing, China). Total protein extracts were for protein determination and analysis by western blotting for TRPC6 and aII-spectrin. Nuclear protein extraction was performed according to the ProteoJET cytoplasmic and nuclear protein extraction kit (Fermentas International, Glen Burnie, MD, USA). Nuclear protein extracts were for analysis by western blotting for phosphor-CREB. Protein concentrations were also determined using the BCA protein assay.
Western Blot Analysis
Equal amounts of total protein extracts or nuclear protein extracts were separated by SDS-PAGE and transferred onto polyvinylidene difluoride membranes (Millipore, Bedford, MA, USA) by electrophoresis, and membranes were blocked with 5% nonfat milk in TBST (0.1% Tween 20 in TBS) for 1 hour at room temperature. Membranes were then incubated overnight at 41C with mouse monoclonal anti-aII-spectrin (1:1,000; Enzo Life Sciences, Plymouth Meeting, PA, USA), rabbit polyclonal anti-TRPC6 (1:1,000; Abcam, Cambridge, UK), rabbit monoclonal anti-p-CREB (1:1,000; Cell Signaling Technology, Danvers, MA, USA), rabbit polyclonal anti-Lamin B1 (1:500; Bioworld, Minneapolis, MN, USA), or mouse monoclonal anti-GAPDH antibody (1:100; Proteintech Group, Inc., Wuhan, Hubei, China) followed by horse radish peroxidase-conjugated goat anti-mouse IgG antibody (1:3,000; Proteintech Group, Inc.) or anti-rabbit IgG antibody (1:5,000; Proteintech Group, Inc.). Labeled proteins were detected with the ChemiDocXRS þ chemiluminescence imaging system (Bio-Rad, Hercules, CA, USA). Protein bands were quantified by Image Lab image acquisition and analysis software (Bio-Rad).
Quantum Dots-based Immunofluorescence Staining At 6, 12 , and 24 hours after reperfusion, the rats were anesthetized and intracardially perfused with cold saline 250 mL followed by 4% paraformaldehyde 100 mL in 0.1 mol/L phosphate buffer, pH 7.4. Brains were removed and immersed overnight in 4% paraformaldehyde. The brain was blocked and embedded in paraffin. Paraffin-embedded brains were cut into 4 mm-thick sections according to standard procedures. Paraffin sections (n ¼ 3 for each group) were incubated overnight with antibodies against TRPC6 (1:100; Abcam) and p-CREB (1:100; Cell Signaling Technology) at 41C after being blocked with 2% bovine serum albumin. Then, the samples were incubated with a biotinylated secondary antibody for 30 minutes at 371C, and rinsed 3 Â with TBST (5 minutes). Paraffin sections were incubated with streptavidin-conjugated QDs605 (1:100, Wuhan Jiayuan Quantum Dot Co, Ltd., Wuhan, Hubei, China) after being blocked with 2% bovine serum albumin. The nuclei of cells were stained with 4 0 ,6-diamidino-2-phenylindole. TRPC6-and p-CREB-positive cells were measured at Â 200 per visual field in the cortex, three visual fields per section, and three brain sections. Fluorescent signals were detected with a fluorescence microscope (BX51; Olympus, Tokyo, Japan). The acquisition and quantitative analysis of images was performed with multispectral imaging system (Nuance Fx, CRi, Hopkinton, MA, USA).
Statistical Analyses
For all quantitative analysis of data, measures were made with the experimenter blind to the animals' treatment group. GraphPad Prism (version 5 for Windows, San Diego, CA, USA) software was used for all statistical analyses. All values are expressed as means±s.e.m. One-way analysis of variance followed by Newman-Keuls Multiple Comparison Test was performed for statistical comparison of several groups. The unpaired Student's t-test was used for comparison of two groups. Statistical significance was accepted at Po0.05.
RESULTS
Physiologic Parameters
No statistical significance was noted among different time points for any of the physiologic parameters including cranial temperature and blood gas ( Table 1) . Monitoring of rCBF ensured successful MCAO (Figures 1B and 1D ).
Hyperforin Significantly Reduced Apoptotic Cell Death in Ipsilateral Cortex
In the TUNEL assay, a large number of TUNEL-positive cells were observed in the right cortex of rats subjected to ischemia and reperfusion injury at 24 hours after reperfusion, whereas very few TUNEL-positive cells were visible in the sham-operated group. It is important to emphasize that hyperforin, when applied immediately after MCAO onset, significantly reduced apoptotic cell death in the right cortex at 24 hours after reperfusion (Po0.01; Figure 2 ). Application of hyperforin plus PD98059 or KN62, the number of TUNEL-positive cells was significantly increased compared with Figure 1 . Experimental protocol used to determine the effect of hyperforin after ischemia and reperfusion. (A) The rats were randomly divided into six groups, and each group was again divided into three subgroups according to the time of reperfusion after ischemia (6, 12, and 24 hours after reperfusion) (n ¼ 3 rats for each). (C) Another 36 rats were randomly divided into four groups. (B, D) Change in regional cerebral blood flow (rCBF) in rats. Right common carotid artery occlusion (CCA) reduced CBF toB50% of the baseline, and additional middle cerebral artery (MCA) occlusion (MCAO) further decreased rCBF toB20%. Group S (subgroups S6, S12, and S24): sham operation; group I (subgroups I6, I12, and I24): MCAO; group H (subgroups H6, H12, and H24): ischemia combined with hyperforin treatment; group P (subgroups P6, P12, and P24): ischemia combined with hyperforin plus PD98059 (MEK inhibitor) treatment; group K (subgroups K6, K12, and K24): ischemia combined with hyperforin plus KN62 (CaMKIV inhibitor) treatment; group C (subgroups C6, C12, and C24): ischemia combined with hyperforin plus PD98059 and KN62 treatment; group M: ischemia combined with PD98059 treatment; group Ca: ischemia combined with KN62 treatment; group D: ischemia combined with PD98059 plus KN62 treatment. R: reperfusion; MCAr, MCA remove. DMSO, dimethyl sulfoxide; IP, intraperitoneally; ICV, intracerebroventricular.
hyperforin-treated group (Po0.01 and Po0.01, respectively). There was no significant difference between group P, group K, and group C (P40.05). Our results revealed a negative correlation between the levels of TRPC6 proteins and the numbers of TUNELpositive cells during reperfusion.
Hyperforin Significantly Reduced Infarct Volumes in Ipsilateral Ischemic Hemispheres After ischemia/reperfusion injury, white-stained infarct area was prominent in MCAO group, and almost the entire MCA territory appeared infarcted. By contrast, hyperforin-treated rats significantly reduced infarct volumes by 55% compared with MCAO group at 24 hours after reperfusion (14.77 ± 1.28% versus 32.48 ± 1.68%, Po0.01; Figures 2C and 2D) . Application of PD98059 or KN62 alone, the infarct volumes were significantly increased compared with hyperforin-treated group (14.77 ± 1.28% versus 27.72 ± 1.50%, Po0.01; 14.77 ± 1.28% versus 27.97 ± 1.63%, Po0.01).
Hyperforin Promoted Functional Recovery Sham-operated rats did not have any deficits. Statistical analysis confirmed that hyperforin-treated animals had significantly greater scores than MCAO group at 24 hours after reperfusion (Po0.01; Figure 2E ). While treated with PD98059 or KN62, the neurologic scores were significantly decreased compared with hyperforin-treated group (Po0.01 and Po0.01, respectively).
Hyperforin Blocked Calpain-Specific aII-spectrin Breakdown Products (SBDP145) Formation Sham-operated group presented litter SBDP145. Quantitative analysis confirmed that the protein levels of SBDP145 in MCAO group were gradually increased during the experimental time course (Figures 3A and 3C ). Compared with sham-operated group, the protein levels of SBDP145 in MCAO group were significantly increased as early as 12 hours (Po0.01); this significant increase was also presented at 24 hours (Po0.01). When MCAO rats were treated with hyperforin, the protein levels of SBDP145 were significantly decreased at 12 hours (Po0.01) and 24 hours (Po0.01); and in the hyperforin-treated group, the protein levels of SBDP145 were progressively reduced during the experimental time course (Figures 3B and 3D Figures 4C and 4D) , and the immunofluorescence analysis got the similar results with the western blot analysis.
PD98059 or KN62 Had No Effect on Ischemic Stroke in Rats at 24 Hours After Reperfusion
To study the effect of PD98059 or KN62 alone in the stroke rats, PD98059 or KN62 was administrated 20 minutes before the operation ( Figure 1C) . Interestingly, application of PD98059 or KN62, no statistical significance was noted in the protein levels of p-CREB in MCAO rats ( Figures 5A and 5B ). There was also no significant difference between the four groups during the whole process of ischemia and reperfusion through measuring the infarct volumes and neurologic scores ( Figures 5C-5E ).
Hyperforin Maintained Phosphorylation of CREB through Blocking TRPC6 Degradation In MCAO group, p-CREB was gradually decreased during the experimental time course (Figures 6A and 6B ). Compared with sham-operated group, p-CREB in MCAO group was significantly decreased at 12 hours (Po0.01) and 24 hours (Po0.01) after reperfusion. In the hyperforin-treated group, the protein levels of p-CREB reached a peak level at 24 hours after reperfusion. Compared with MCAO group, p-CREB in the hyperforin-treated group significantly increased at 12 hours (Po0.05) and 24 hours (Po0.01). As expected, administration with PD98059 20 minutes before the operation, the protein levels of p-CREB were significantly decreased compared with hyperforin-treated group at 6 hours (Po0.01), 12 hours (Po0.01), and 24 hours (Po0.01; Figures 6A and 6C) . Application of KN62 20 minutes before the operation, the protein levels of p-CREB were significantly decreased at 6 hours (Po0.01), 12 hours (Po0.01), and 24 hours (Po0.01; Figures 6A and 6D ) compared with hyperforin-treated group. Application of hyperforin plus PD98059 and KN62, the protein levels of p-CREB were significantly lower than group P at 6 hours (Po0.01), 12 hours (Po0.01), or 24 hours (Po0.05; Figures  6A and 6E ); and were also significantly lower than group K at 12 hours (Po0.01), 24 hours (Po0.01), and 48 hours (Po0.01).
Immunofluorescence analysis showed nuclear staining pattern of TRPC6 in neurons of cerebral cortex, and the immunofluorescence analysis got the similar results with the western blot analysis (Figure 7 ).
DISCUSSION
Our results clearly showed that hyperforin, when applied immediately after MCAO onset, significantly decreased infarct volumes by 55%, reduced apoptotic cell death, and enhanced functional recovery at 24 hours after reperfusion. One previous study has provided evidence that hyperforin has NMDARantagonistic and potential neuroprotective effect in vitro.
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However, these protective effects of hyperforin in our in vivo study were in contradiction with the observations of Kumar et al, 15 who showed that hyperforin failed to reduce infarct volumes in MCAO models in mice. One possible explanation for hyperforin's lack of effect in the in vivo model is that hyperforin, administered intraperitoneally, cannot reach a sufficient concentration in the brain. In our study, hyperforin was directly injected into the right Figure 3 . Activation of calpain was confirmed by aII-spectrin proteolysis at 6, 12, and 24 hours after reperfusion. (A, B) Western blot analysis of calpain-specific aII-spectrin breakdown products (SBDP145). Total protein extracts were prepared from the ipsilateral cortex. Identical amounts of protein (50 mg) were applied to each lane of the SDS-PAGE gel (6% polyacrylamide gel). GAPDH was used as an internal reference. A 145-kDa band corresponding to SBDP145 protein was clearly detected. (C, D) Densitometric analysis of the protein levels of SBDP145 in the ipsilateral cortex (n ¼ 3). Values are mean ± s.e.m. *Po0.05; **Po0.01.
ventricle. Unlike intravenous and intraperitoneal routes, ICV injection of hyperforin could rapidly attenuate ischemic cerebral injury within 24 hours after reperfusion reflected by decreased infarct volumes and apoptotic cell death and enhanced functional recovery, suggesting that ICV injection of hyperforin could be a high efficient method for treating cerebral ischemia injury. This rapid effect of hyperforin could be because of ICV route, and this is possible that ICV injection of hyperforin could quickly reach a high concentration of the drug in the brain. However, we have not yet performed detailed pharmacokinetic studies. Therefore, further pharmacokinetic studies are needed to confirm our speculation in the future.
Although several mechanisms, including excitotoxicity, periinfarct depolarizations, ionic imbalance, oxidative and nitrosative stresses, and apoptosis 3, 20, 21 have played some roles in the pathogenesis of ischemic neuronal death, the intracellular Ca 2 þ overload is still the most critical. The NMDAR, the important excitatory neurotransmitter receptor in the brain, has been reported as the pivotal player for the Ca 2 þ overload in response to cerebral ischemia. Calpains are intracellular Ca 2 þ -dependent nonlysosomal neutral cysteine proteases. Cytosolic Ca 2 þ overload through NMDAR can lead to calpain activation. 5 Under physiologic conditions, calpain activity is likely to be reversibly stimulated by transient localized increases in cytosolic Ca 2 þ , and calpain activity is tightly regulated by the specific endogenous inhibitor calpastatin. 22 The increase in cytosolic Ca 2 þ that occurs during brain ischemia and reperfusion overwhelms endogenous regulatory systems resulting in pathologic calpain activity. Previous studies have shown that calpain activity is increased by focal cerebral ischemia, 23, 24 and calpain inhibitors provide varying degrees of neuroprotection in animal models. 24, 25 aII-spectrin is an abundant cytoskeletal protein that is specifically cleaved by calpains into 150/145-kDa fragments. The calpain-specific aIIspectrin breakdown products of 145 kDa (SBDP145) results from sequential calpain cleavage of aII-spectrin to generate SBDP150, followed by cleavage to remove an additional 5 kDa. 26, 27 The intension of calpain activation is reflected by the protein levels of SBDP145. This characteristic makes aII-spectrin cleavage be a useful tool to evaluate the activity of calpains. 28, 29 In our study, sham-operated rats presented very litter SBDP145 while the MCAO rats had high levels of SBDP145 in the cortical regions of the ipsilateral hemisphere in the first 24 hours after injury. Hyperforin treatment significantly reduced SBDP145 formation and made it recover to the level of the sham-operated group at 24 hours after reperfusion. Taken together, these observations suggested that hyperforin, when applied immediately after MCAO onset, inhibited calpain activation, and induced resistance to ischemia and reperfusion injuries. However, in our study, it is not clear whether hyperforin suppressed calpain activation directly or suppressed calpain activation through inhibition of NMDAR.
The canonical transient receptor potential channels (TRPCs) are nonselective cation channels that are expressed in a variety of multicellular organisms with different functions. 30 TRPC3 and TRPC6 are involved in brain-derived neurotrophic factor-mediated growth cone turning, neuron survival, and spine formation. 9, 31 TRPC6 also promoted dendritic growth via the CaMKIV-CREBdependent pathway. 32 One previous study has provided evidence that TRPC6 was specifically degraded by calpain in transient ischemia and this degradation occurred before and during the neuronal cell death. 6 Inhibition of calpain proteolysis of TRPC6 protected animals from ischemic brain damage. 6 Therefore, TRPC6 channels have a critical role in promoting neuronal survival against focal cerebral ischemia and the decrease in the protein levels or activity of TRPC6 channels contributes to ischemic brain injury. 6 Our results showed that the levels of TRPC6 proteins in MCAO group were greatly decreased at 6 hours after reperfusion and the reduction in TRPC6 protein levels remained prominent at 12 and 24 hours after reperfusion, in support of the observations of Du et al. 6 In our study, hyperforin treatment significantly reduced TRPC6 degradation induced by ischemia at 24 hours after Figure 6 . Effect of hyperforin treatment on the protein levels of phosphorylated CREB (p-CREB) at 6, 12, and 24 hours after reperfusion. (A) Western blot analysis of p-CREB. Nuclear protein extracts were prepared from the ipsilateral cortex. Identical amounts of homogenate protein (60 mg) were applied to each lane of the SDS-PAGE gel (10% polyacrylamide gel). Lamin B1 was used as an internal reference. A 43-kDa band corresponding to p-CREB protein was clearly detected. (B-E) Densitometric analysis of the protein levels of p-CREB in the ipsilateral cortex (n ¼ 3). Values are mean±s.e.m. *Po0.05; **Po0.01.
reperfusion. As mentioned above, hyperforin treatment also significantly inhibited calpain activity at 24 hours after reperfusion. In addition, hyperforin-treated rats significantly reduced infarct volumes and apoptotic cell death, and enhanced functional recovery at 24 hours after reperfusion. Therefore, our results indicated that inhibition of calpain proteolysis of TRPC6 by hyperforin protected rats from ischemic brain damage.
The CREB is expressed in all cells in the brain and is a member of a family of proteins that function as transcription factors. Extracellular stimulation activates CREB by phosphorylation of serine-133 in CREB. 33 The CREB is a major mediator of neurotrophin-induced transcription. 34 In neurons, CREB influences the expression of a variety of genes including brain-derived neurotrophic factor and c-fos. 35 The CREB activation was a critical event in neuroprotection against ischemic injury. 36, 37 In cortical neurons, entry of Ca 2 þ results in Ca 2 þ -dependent activation of ERK and CaMKIV, 38 which in turn activate CREB transcriptional pathways to promote neuronal survival. 9, 32, 39 Our study clearly showed that the protein levels of p-CREB were significantly increased in the hyperforin-treated group and recovered to the level of the sham-operated group at 24 hours after reperfusion. When MEK or CaMKIV activity was inhibited by PD98059 or KN62, the neuroprotective effect of hyperforin was attenuated and correlated with decreased CREB activity levels. In addition, while treated with PD98059 or KN62 20 minutes before the operation, the apoptotic cell death and infarct volumes significantly increased, suggesting that the neuroprotective effect of hyperforin was attenuated. These results indicated that hyperforin failed to exert its neuroprotective effects if Ras/MEK/ ERK-CREB or CaMKIV-CREB pathway was blocked. However, in our study, it is not clear whether activation of TRPC6 by hyperforin can also have the same effect as inhibition of NMDAR by hyperforin.
Overexpressing TRPC6 markedly increased CREB phosphorylation and CREB-dependent transcription. 9 Blocking TRPC6 degradation maintained phosphorylation of CREB and greatly prevent ischemic brain injury. 6 In our study, hyperforin significantly reduced TRPC6 degradation induced by ischemia at 24 hours after reperfusion. Hyperforin also enhanced the protein levels of p-CREB through Ras/MEK/ERK-CREB and CaMKIV-CREB pathways. Taken together, our data suggested that hyperforin, when administrated immediately after MCAO onset, blocked calpain-mediated TRPC6 channels degradation, and allowed elevation of [Ca 2 þ ]i to stimulate the Ras/MEK/ERK and CaMKIV pathways that converge on CREB activation, contributed to neuroprotection at 24 hours after reperfusion. These results clearly showed that the activation of CREB was a pivotal downstream effector for the neuronal protective effect of TRPC channels.
In conclusion, our results suggest that ICV injection of hyperforin can greatly attenuated ischemic brain damage, and hyperforin exerts its neuroprotective effects by inhibition of calpain proteolysis of TRPC6, and then increasing CREB phosphorylation through Ras/MEK/ERK and CaM/CaMKIV pathways. Therefore, acute ICV administration of hyperforin after cerebral ischemia as a neuroprotective treatment could exert rapid and effective neuroprotective effect. Although routine ICV treatment is technically difficult in stroke patients and may also cause some complications, such as infection, our study provides theoretical support for ICV administration of hyperforin in the treatment of cerebral ischemic stroke during the acute or subacute period.
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